Natural root grafts occur in many tree species, but this widespread phenomenon has received only little attention. For many years, physiological aspects such as transfer of organic materials, water and minerals were considered their major significance. Better anchorage in flooded areas or in windy habitats was also proposed to select for this character. I propose that root grafts provide several additional types of benefit to intact grafted trees, to neighbors of trees that have lost their crowns, and sometimes even to the ones that have lost their crowns. These include: being a mate (female, male or both) for one's own gametes; taking a chance that the grafted neighbor will lose its crown, leaving it with its neighbor's grafted root system; for trees that reproduce vegetatively, there is a good chance that the neighbor is a ramet of the same genet, and root grafting thus supports the same genotype, and since most seeds are dispersed near the parent tree there is a good chance that the grafted neighbor is genetically close. For a grafted root system that has lost its original crown, the genotype continues to live and in certain taxa it still has a chance to resume canopy growth and reproduction. While root grafts may enable acquisition of beneficial fungi or microorganisms from the grafted neighbor, there is a risk of pathogen transmission. Since roots produce various toxins that defend the canopy, root grafts with other genotypes that provide additional types of defensive molecule may increase the tree's resistance to various herbivores and pathogens. In spite of the potential benefits, pathogen transmission and increased neighbor competition may select against the characteristic of root grafting.
Introduction
Natural root grafts are common in trees and occur when thick underground roots are pressed together because of their cambial activity and the cambia come into contact after the pressure crushes the soft cortex (Mudge et al. 2009 ). Grafts do not occur until a tree is large enough to have roots that are sufficiently thick to graft. Most natural root grafts occur within the root system of the same individual because of proximity and compatibility, but may also occur with other spatially close individuals. Natural root grafts are usually formed with other plants belonging to the same species, or sometimes with other taxa (Graham and Bormann 1966 , Epstein 1978 , Basnet et al. 1993 . The number of partners in a grafted community depends on their proximity, size, compatibility and chances of root contact (Graham and Bormann 1966, Fraser et al. 2005) . Not much is known about natural root grafts because the soil is not transparent and it is difficult to excavate root systems of trees.
When the canopy of a tree of a non-resprouting taxon with root grafts dies because of breakage during strong storms or because of snow load, fire, cutting by animals such as beavers or girdling by animals or disease, living stumps and living grafted roots may persist for long periods (up to centuries). Root grafts and living stumps have already been reported in about 200 species (Graham and Bormann 1966) and probably exist in thousands of others. The grafted trees form functional clusters, unnoticeable unless excavated, naturally exposed by soil erosion or uprooting, or traced indirectly via the transfer of chemicals, dyes, radioactivity or pathogens. In nature, water, minerals, organic materials, developmental signals and diseases are transferred via root grafts (Graham and Bormann 1966 , Epstein 1978 , Fraser et al. 2006 ). There are several probable benefits to being connected to the root systems of other individuals, and these seem to have been the evolutionary agents that selected for enhanced formation of Letter root grafts. However, this common and probably ecologically and economically important phenomenon of cooperation between individual trees has not received the attention it deserves. The study of the biology of root grafts has been neglected even at the descriptive level and especially at the experimental and theoretical levels. The truth concerning root grafting should be unearthed.
Here I discuss previous hypotheses for the putative evolution of root grafting and propose additional potential gains for this characteristic.
Previous hypotheses concerning the benefits of root grafts
Little attention has been given to the theoretical aspects of the evolution of natural root grafting in trees. Because many of the studies on root grafts were intended to report a phenomenon, or to study various physiological or disease spread risks and not the evolution of the system, and only Keeley (1988) and Loehle and Jones (1990) specifically addressed the question of root grafting evolution, it is currently impractical to draw evolutionary lines of the characteristic of root grafting based on solid taxonomic or ecological data. Lanner (1961) proposed that the elimination of the shoot of one grafted partner enables the remaining one to exploit the developed root system of another individual or at least part of it without investing in its construction. Because grafting occurs in thick roots, the transport may be significant even if not as efficient as in normal self-root systems. The relationships between grafted partners are not always symmetric. In many cases, there are stronger and weaker partners in this relationship. From the point of view of water, mineral and organic nutrition, dominant trees seem to get little from the remaining grafted live roots of suppressed neighbors that have lost their crowns, but the suppressed ones seem to have considerable potential gains if they are connected to the root system of a dominant tree, especially when it loses its crown (Bormann 1966) . The relationships between grafted trees, however, seem to be much more diverse and complicated than the nutritionally oriented point of view that was common in the 1960s. Keeley (1988) showed that in Nyssa sylvatica plants of swamp origin had a greater tendency to graft roots than those originating in populations from other habitats, and proposed that there should be an advantage to dominant trees to form root grafts because the suppressed ones contribute little to the future gene pool. Keeley (1988) also proposed that the gain could be related to better anchorage irrespective of the status of the trees and that in waterlogged soils, which give little mechanical support, root grafts are of considerable supportive value, similar to that of buttresses. Keeley (1988) also hypothesized that trees, being larger, should seek mechanical support more than smaller plants, and thus they should have a higher tendency to graft their roots. The last point is inevitable since root grafts form when roots are pressed to other roots and thicker roots belong to larger plants, e.g., trees. Loehle and Jones (1990) further discussed the mechanical adaptive significance of root grafts. They proposed that better mechanical anchorage might be important not only in waterlogged soils but also in resistance to uprooting by wind, since wind-caused mortality via failure of structural support is significant in many forest types (Loehle 1988) , a hypothesis later supported by field data of Basnet et al. (1993) that showed lower hurricane damage in rootgrafted versus individual trees. However, they stated that the ability to resist wind action does not fully explain root grafts. Loehle and Jones (1990) concluded that there are multiple potential costs and benefits to root grafting and that it is significantly influenced by incidental factors, such as root morphology and density, soil moisture, chemical inhibition and genetic relatedness. They stated that adaptive arguments are only partly supported by existing data.
Additional proposed benefits of natural root grafts
I propose that there are several additional potential benefits for trees grafted with the roots of other individuals. All these new proposals for the evolution of root grafts and living stumps are based on the assumption of individual (or kin) selection. These new proposals are supported by the fact that root grafts are common not only in habitats where wind action is strong or in swamps where anchorage is not stable. The benefits are of two types: (i) benefits to the grafted plants that operate before one of them loses its canopy, and (ii) benefits for the remaining intact tree or for the one that has lost its crown. These gains operate only after the canopy of one (or more) of the co-grafted individuals is eliminated.
Benefits that occur while both trees are still alive (I) Under some conditions, when competition is not predicted to increase above the current level, it is beneficial to support an intact neighbor because a strong and healthy one will have a smaller chance of being a source of disease. However, the risk of increased neighbor competition may select against the characteristic of root grafts and should not be overlooked.
(II) A healthy neighbor can also be a mate (female, male or both) for one's own gametes (see Garay 2009 ). Even in ecosystems where individuals of a tree species were believed to grow singly in a mosaic of various species, such as in many tropical forests (Richards 1996) , trees of the same species frequently grow in clumps (Hubbell 1979) , and so grafting and supporting a member of the same species can substantially increase the potential of reproductive success.
(III) The proximity and vigor of a known neighbor may be measured by the amount of shading (Callaway 2002) or volatiles (Kegge and Pierik 2010) . A known neighbor, although a
Tree Physiology Online at http://www.treephys.oxfordjournals.org competitor, may still be a better rival than a possibly fiercer one that might replace it, especially if the neighbor is weak. A similar hypothesis has been proposed as the reason for cooperation between competing fiddler crabs (Backwell and Jennions 2004) . Zoologists call the less aggressive relationships between known neighbors the 'dear enemy phenomenon' (Temeles 1994) and I propose that it may also apply to plants.
(IV) Every individual tree has a chance that the grafted neighbor will lose its shoot, leaving the grafted neighbor or neighbors with its crown less grafted root system (see Lanner 1961) .
(V) In plants that reproduce vegetatively, there is also a good chance that the neighbor is a ramet of the same genet, and root grafting thus supports the same genotype. The fact that certain plant species Callaway 1996, Callaway and Mahall 2007) , but not all (de Kroon 2007), seem to be able to distinguish between self-and non-self roots should help plants to decide to invest more or less in root grafts according to relatedness (or other types of interaction).
(VI) Since most seeds are dispersed near the parent tree (Harper 1977, Kobayashi and Yamamura 2007) , for plants in general, but especially for plants that are obligatory or facultative selfers, there is a good chance that the neighbor is genetically closer to the grafted tree than other individuals of the same species within the population, and grafting is thus an expression of kin selection sensu (Hamilton 1964) .
(VII) In addition, a graft may enable the acquisition of beneficial fungi or microorganisms from the grafted neighbor. A similar hypothesis has been proposed for herbivores that live in groups that may acquire mutualistic endosymbiotic microbes (Lombardo 2008) . In spite of this potential benefit, the risk of transmission of pathogens via root grafts may select against the tendency to form root grafts.
(VIII) Since roots produce various toxins that defend the canopy (Erb et al. 2009 ), root grafts with other genotypes may increase the defensive chemical arsenal and thus the resistance of trees to various herbivores and pathogens.
Benefits that occur after one tree has died (IX) One possible benefit from being grafted to the root system of a plant that has lost its canopy is that the live root system of such a tree occupies an underground territory adjacent to the intact grafted individual. Thus, it also protects to a certain extent the remaining partner or partners from competition for water, minerals (see Schenk 2006) and also light if another tree will not be able to establish itself there. The longterm rate of crown loss differs from habitat to habitat and from species to species according to tree structure and architecture and types of risk (biological agents, wind action, snow load, flooding, fire and soil characteristics). From an evolutionary perspective, the long-term gain/risk ratio for specific combinations of risks may select for a specific level of tendency to form root grafts.
(X) For the grafted root system that has lost its original crown, there are several possible gains. First, the genotype continues to live and in certain taxa it still has a chance that under some circumstances it might resume its canopy growth and reproduction, for instance if the still intact neighbors lose their crowns in a storm. In cases of root grafting among ramets of the same genet and in individual trees of taxa which are selfers, the benefits mentioned above because of genetic relatedness for intact trees are still valid for crown less grafted root systems.
Conclusions
The proposed new hypotheses are testable. Currently, basic data, such as a broader knowledge of the taxa performing root grafts, the rate of interspecific natural root grafting and the taxa involved, the age and size of trees and specific roots that graft, are not available and this can and should be changed. With the current low level of knowledge of root graft biology, it is hard to predict what types of understanding of tree and forest biology may emerge from studying this topic. Indeed, studies of root grafts are expensive and tedious, but this very common and important phenomenon deserves more attention.
